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 The electrothermal (electrocaloric and pyroelectric) properties of ferroelectric thin films have 
many applications in active solid-state cooling and infrared sensing devices. It has been shown 
experimentally that some thin-film ferroelectrics can produce much larger electrothermal responses 
than their bulk counterparts. In this work, the electrothermal properties of bulk polar dielectric 
(ferroelectric and incipient ferroelectric) materials and thin films have been computed using a 
thermodynamic methodology and the effects of electrical, thermal and mechanical boundary 
conditions have been illustrated. In particular, the sensitivity of pyroelectric and electrocaloric 
response to bias and driving fields, lateral clamping and misfit strain, thermal stresses and 
composition have been demonstrated. The computations show that the electrothermal behavior of 
ferroelectric materials for practical cooling devices depends on a complex interplay of several related 
sets of physical phenomena. These include the nature of the ferroelectric transition, the particular 
dependence of the equilibrium and transport properties on electric field and mechanical boundary 
constraints, and the orientation and thermal expansion coefficients of the thin film and substrate 
materials. The combined results provide insights concerning how the composition and orientation of 
the thin film material, the choice of substrate, the deposition/annealing temperature, and the electrode 
configuration can be used to optimize the electrothermal properties for particular applications. 
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CHAPTER 1  
INTRODUCTION 
1.1. Electrothermal (Electrocaloric & Pyroelectric) Properties 
 The electrothermal [electrocaloric and pyroelectric] properties stem from the coupling 
between the electrical and thermal properties of a polar dielectric solid. Electrocaloric effect 
is an adiabatic change in temperature (∆T) in response to an applied electric field. 
Conversely, pyroelectric effect is the change in the charge density (polarization) in response 
to a chance in temperature T. Both electrocaloric and pyroelectric effect are described by the 
same property coefficient, p = (∂S/∂E)T = (∂P/∂T)E, where S is entropy, T is temperature, E is 
electric field, and P is the electric polarization. The property coefficient p is non-zero only 
for crystals belonging to one of the ten polar point groups, in which there exists a unique 
polar axis. Ferroelectric crystals represent a sub-group of these wherein the spontaneous 
polarization may be reoriented among symmetry equivalent directions under the application 
of an electric field. 
1.2. Application of Electrothermal Properties of Ferroelectrics 
 The electrothermal properties of ferroelectric materials have recently attracted 
considerable interest for use in a variety of applications such as solid-state cooling system 
and infra-red (IR) devices. Such devices may find applications, for example, in thin film 
micro-coolers used as thermal management systems for next generation integrated circuits 
(IC) or other high power density microelectronic components. Applications in IR devices 
include intruder alarms, fire detection, environmental monitoring, gas analysis, radiometers, 
laser detectors, and 2D arrays for uncooled thermal imaging. Ferroelectric materials are 
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important for these applications due to their ability to be used successfully at ambient 
temperatures, thereby eliminating the need for expensive cooling systems [1], their relatively 
low cost, low power consumption, and wide operating range of temperature compared to 
photoconductive detectors [2]. Furthermore, they are eco-friendly compared with 
conventional domestic and industrial refrigeration which produces greenhouse gases heavily. 
The temperature change resulting from the electrocaloric effect is analogous to adiabatic 
demagnetization, which has long been used to cool cryogenic systems to temperatures 
approaching absolute zero [3]. Like magnetocaloric materials, solid-state coolers based on 
electrocaloric materials may provide efficiency, size, weight, and device integration benefits 
relative to conventional vapor compression systems. Electrocaloric materials based on 
ferroelectrics are known to have high electrothermal conversion factors (~0.95) and a 
maximum in response that can be varied over a wide temperature range (~100K to 800K) 
according to the temperature of the ferroelectric Curie point [4]. The ease of applying electric 
as opposed to magnetic fields makes electrocaloric coolers especially attractive for cooling 
device applications.   
 There are essentially two modes of operation for pyroelectric IR sensors. One mode 
operates at a temperature below (but typically near) the Curie temperature TC of the 
ferroelectric where the variation in the spontaneous polarization as a function of temperature 
is large. In the dielectric bolometer mode, one works slightly above TC in the paraelectric 
state of the ferroelectric and with an applied bias field to induce polarization [5-9]. In either 
case, it is required that the ferroelectric is deposited in a thin film form on an IC compatible 
substrate.  
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1.3. Internal Stresses 
 Internal stresses arise from the lattice mismatch between the film and the substrate, 
the difference in coefficients of thermal expansion (CTEs) of the film and the substrate, and 
the self-strain of the paraelectric–ferroelectric phase transformation. 
  For on-chip cooling applications or pyroelectric IR sensors, thin film ferroelectrics 
must be deposited on an IC compatible substrate. The growth of ferroelectric films on IC-
friendly substrates such as Si or sapphire (α-Al2O3) typically employ industry-standard 
deposition techniques such as sputtering or metal-organic solution deposition, and the 
resultant ferroelectric film is usually polycrystalline. For such films, in-plane strains arise 
from thermal stresses due to the thermal expansion mismatch between the film and the 
substrate, and also from the self-strain of the paraelectric–ferroelectric phase transformation 
if the film growth is carried out at temperatures above TC. 
1.4. Perovskite-structured Ferroelectric Materials 
  The structural families comprising perovskites, Aurivillius phases, and tungsten 
bronzes admit a very wide range of isomorphous ion substitutions, making it possible to 
adjust the crystal lattice parameters, the Curie temperature, and the order and nature of the 
paraelectric to ferroelectric transition. Relaxor ferroelectric materials, in particular, are 
expected to exhibit unusually high electrocaloric properties due to the configurational 
entropy change associated with the large change in macroscopic polarization induced by 
modest electric field strengths. For relaxor ferroelectric materials, the electrocaloric effect 
arising due to the spontaneous loss of macroscopic polarization on lifting of the field 
becomes analogous to adiabatic demagnetization in magnetocaloric materials based on super-
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paramagnetic phenomena [3]. All of these attributes make perovskite and layer-structured 
ferroelectric materials especially appealing as objects for investigations of electrothermal 
coupling in thin film ferroelectrics. The potential for finding lead-free materials makes 
Aurivillius phase and tungsten bronze materials particularly attractive.  Alternatively, a series 
of reports on polyvinylidene fluoride (PVDF)-based ferroelectric copolymer and terpolymer 
films have shown electrocaloric effects that are comparable to those observed in ceramic 
materials [10]. The nature of the ferroelectric transition in these materials may also be varied 
from normal to relaxor behavior.  
  BaTiO3 (BTO) is a prototypical perovskite ferroelectric material with TC=120oC. The 
paraelectric–ferroelectric transition temperature can be reduced by adding Sr2+ which 
substitutes for the Ba2+ cations in the ABO3 lattice. As such, barium strontium titanate 
(BaxSi1-xTiO3, BST) is an attractive material system that has received a great deal of interest 
in several device applications, in particular for dielectrically tunable phase shifters in 
telecommunications [11].  
  It has also been demonstrated experimentally that high-quality BST films with good 
dielectric properties can be grown on Pt-Si and other IC-friendly substrates. For example, 
Cole et al. measured a real (relative) permittivity of 348 and a dissipation factor of 0.024 in 
BST 60/40 thin films doped with 1 mol% Mg at 10 GHz [12]. Pervez et al. demonstrated that 
high tunability (over 13:1) BST films capable of sustaining short-duration fields greater than 
4 MV/cm deposited on c-plane sapphire (α-Al2O3) can be obtained by varying the O2-partial 
pressure [13]. The effect of strain on dielectric properties of either epitaxial or nonepitaxial 
BST films on different substrates (including Pt-Si and Al2O3) were studied as well [14-17]. 
Hu et al. found that Sn-doped BST thin films on LaNiO3-coated Si substrate displayed a 
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relatively low dielectric constant (less than 200 at frequency higher than 100 Hz) but had low 
dielectric loss (less than 1% at 100Hz) and improved leakage current characteristics [18]. In 
addition, thin films of Ba(TixSn1-x)O3, BST/SiN bilayers, and BST films with extremely 
small grain size (~25 nm) on IC-friendly substrates were also investigated recently [19-21].  
  SrTiO3 (STO) is an incipient ferroelectric material which undergoes a ferroelastic 
phase transition from the prototypical cubic perovskite [Pm 3 m (Oh1)] to a tetragonal 
[I4/mcm (D4h18)] structure at −168oC that is brought about by the rotations of TiO6 octahedra 
about the cubic axes. Extensive studies in the 1960s and 1970s attribute this phase transition 
to a Γ25 soft-phonon mode instability at the [111] zone boundary [22-24]. Although STO 
crystals or polycrystalline ceramics remains paraelectric down to absolute zero, the 
ferroelectric phase can be induced by pressure [25], electrical field [26], doping [27], and 
through  equi-biaxial in-plane misfit strains in epitaxial STO films [28,29]. A thermodynamic 
analysis by Pertsev et al. [29,30] has shown that it is possible to induce a variety of different 
ferroelectric phases in epitaxial thin films of STO that are not stable in monolithic single-
crystal or polycrystalline forms. Following this work, ferroelectricity at room temperature 
(RT ≅ 300 K) in epitaxial (001) STO thin films was observed experimentally by carefully 
adjusting the equi-biaxial in-plane misfit strain [28]. One of the important features of the 
Pertsev phase diagram is that it shows that the misfit strain can be used to access two or three 
different ferroelectric phases depending on the temperature (between ~150 K < T < ~350 K).  
By adjusting the sign and magnitude of the misfit strain, it was predicted that ferroelectric 
states with out-of-plane or in-plane spontaneous polarizations (along [001] and [100]/[010] 
of the STO film, respectively) can be generated [29,30]. Because the derivative of the 
ferroelectric polarization with respect to temperature typically shows a sharp maximum near 
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a paraelectric to ferroelectric phase transitions, an enhancement in the electrocaloric response 
can be expected.  
  There is a significant interest in STO thin films as a replacement for the traditional 
gate oxide material SiO2 [31], in dynamic random access memories (DRAMs) [32], and 
tunable microwave telecommunication devices due to their high dielectric response (~ 300 in 
STO single-crystals) and its strongly non-linear applied electric field dependence [33,34]. It 
is, therefore, crucial to understand the role of thermal stresses on the dielectric properties of 
STO thin films, especially for films synthesized using industry-standard deposition 
techniques (such as sputtering or metal-organic solution deposition) which usually produce 
polycrystalline STO films. Based on previous experimental work and theoretical studies 
discussed above, it is clear that BST films are ideally suited for applications in IR detection.    
It was found that the pyro-response of BST 60/40 epitaxial films on Si substrate was 
suppressed compared to bulk BST 60/40 due to internal stresses [35]. By taking into account 
internal stresses as well as the formation of misfit dislocations at the growth temperature, the 
effects of the film thickness and operating temperature on the pyroelectric coefficients of 
epitaxial (001) Ba0.6Si0.4TiO3 (BST 60/40) and Pb0.5Zr0.5TiO3 (PZT 50/50) thin films on 
different substrates were investigated [36]. It was shown that the pyroelectric coefficients 
increased with increasing film thickness for these films on (001) LaAlO3 and 
0.29⋅LaAlO3:0.35⋅Sr2TaAlO6 (LSAT) substrates due to stress relaxation by misfit 
dislocations. These studies show that an optimum pyroelectric response can be realized by 
tuning the operating temperature and the film thickness to adjust the internal stresses. Using a 
similar approach, Cao et al. investigated pyroelectric and dielectric properties of epitaxial 
BST 70/30 thin films on anisotropic substrates [37]. Considering the direct relation between 
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the pyroelectric and electrocaloric coefficients, we have recently adopted our theoretical 
formalism [38] to describe the giant electrocaloric properties of ferroelectric films as well 
[39].  
  Previous results from our group show that internal stresses in ferroelectric thin films 
could significantly deteriorate the functional properties of ferroelectric films and an optimum 
pyroelectric and electrocaloric response can be realized by tuning various experimental 
parameters to adjust the internal stresses [40,41]. For polycrystalline ferroelectric films 
produced by industry-standard deposition techniques such as sputtering or metal-organic 
solution deposition [42], internal stresses mainly come from the CTE mismatch between the 
film and the substrate and the self-strain of the paraelectric-ferroelectric transition. Therefore, 
thermal stresses may have a profound influence on the electrothermal responses of 
ferroelectric thin films. 
1.5. Early Research & Recent Findings on Electrothermal Properties of Ferroelectrics 
  Although ferroelectric materials have attracted attention for use in solid-state coolers 
and pyroelectric energy harvesters since the 1960’s [43-45], these early measurements on 
polycrystalline ferroelectric ceramics at low electric fields produced only small adiabatic 
temperature changes (ΔT < 2K) at temperatures close to the Curie temperature TC. Interest in 
electrocaloric cooling systems was revitalized in 2006 when it was demonstrated that thin 
film perovskite-structured ferroelectrics with low defect densities could support field 
strengths of 1000 kVcm-1, producing a two order of magnitude increase in adiabatic 
temperature change, ΔT > 10 K [39]. Experimental data demonstrating the observed ‘giant’ 
electrocaloric ΔT and the corresponding reversible change in energy density, Qrev=CEΔT 
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(where CE is the specific heat at constant electric field), are shown for a lead zirconate-
titanate [Pb(Zr,Ti)O3, PZT] thin film in Figure 1.  
 
 
 
Figure 1. Adiabatic temperature change ΔT (a) and corresponding change in energy 
density CEΔT (b) measured at different electric field levels for a PZT thin film, adapted 
from [39]. 
 
(a) 
(b) 
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  These findings immediately stimulated a resurgence of interest in the electrocaloric 
properties of ferroelectric materials. Since this time, the literature on both experimental and 
theoretical aspects of the topic has been steadily growing [46-49]. Thermodynamic models 
combining the Maxwell relations and the Landau theory of phase transformations 
[21,46,50,51], molecular dynamics [52], phase-field approaches [53], Monte Carlo 
simulations [54], and first-principles calculations [55] have all been used to understand the 
origins of the electrocaloric effect in different types of ferroelectric materials and to model 
their electrocaloric properties under different choices of electrical, thermal and mechanical 
boundary conditions. Moreover, large electrocaloric effects have very recently been reported 
in some ferroelectric copolymer systems, such as poly (vinylidene fluoride-trifluoroethylene) 
[P(VDF-TrFE)] [10], inviting new possibilities for the development of composite or other 
hybrid materials systems. 
  Thermodynamic analyses and constitutive modeling carried out on thin film 
ferroelectric materials (which will be discussed in detail in Chapter 4) showed that that the 
large ΔT as observed experimentally at high electric field strengths is, in fact, intrinsic to the 
strain-free film [46,50,56]. The observed and computed pyroelectric coefficients are 
comparable, p ≅ -1200 Cm-2K-1 near the maximum temperature (TM), a value that is typical of 
ferroelectric materials near their Curie points. Since that time, numerous theoretical and 
experimental studies confirming these findings have been carried out [10,48,57-61] wherein 
it has been found that the electrocaloric temperature changes reported for ferroelectric thin 
films are comparable to those reported for thermoelectric-based thin film coolers [62]. As a 
consequence, optimization of the chemistry, structure, deposition and architecture of 
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ferroelectric thin films may now offer the potential to make electrocaloric materials 
competitive with thermoelectric materials for active solid-state cooling applications. 
  Indeed, advances in the growth and processing of epitaxial thin films, polycrystalline 
ferroelectric ceramics and single crystals, and ferroelectric polymers that achieve low defect 
densities now make it possible to attain much higher field strengths in these materials.  At the 
same time, progress in the application of dielectric materials to high energy density 
capacitors, thin film pyroelectric sensing and memory devices, and single crystal 
piezoelectric transducers provide numerous possibilities for achieving trade-offs among 
materials properties, form factors, and fabrication processes suitable for electrocaloric 
devices. High capacity thin-film architectures involving inter-digitated or other electrode 
configurations enabling the application of high electric fields while simultaneously reducing 
volumetric requirements can be envisioned.  If realized, solid-state cooling devices could 
offer significant advantages when compared to thermoelectric-based technologies. 
  Because practical electrocaloric materials exhibit a broad range of ferroelectric 
behaviors, to be successfully employed in practical cooling devices, these complex 
phenomena in ferroelectric materials require investigation using both computational and 
experimental approaches. A thermodynamic methodology that can be used to identify the 
influence of factors controlling the electrocaloric and pyroelectric performance of thin film 
materials, including Curie temperature, phase change characteristics, constitutive properties 
and external parameters of electrical and mechanical boundary conditions is described below. 
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CHAPTER 2  
THERMODYNAMIC BEHAVIOR OF ELECTROTHERMAL MATERIALS  
2.1. Electrothermal Coupling in Ferroelectric Materials 
  The coupling between electric and thermal fields in polar dielectric solids gives rise 
to the electrothermal effects. In ferroelectric materials, the direction of the polarization vector 
P can be reoriented among symmetry equivalent crystallographic directions under the 
application of an electric field, E. Large electrocaloric effects are expected in ferroelectric 
materials because of the strong temperature variation of the modulus P = |P| that occurs near 
the Curie temperature, or alternatively, due to changes in both the modulus and direction of P 
near the temperatures of any inter-ferroelectric phase transitions that may occur between 
different symmetry ferroelectric phases. In general, the application of an electric field E 
conjugate to the polarization vector P destroys these phase changes. However, for suitably 
small field strengths a temperature interval exists for which the contribution of the phase 
change to the temperature derivative (dP/dT)E does not vanish, giving rise to large 
electrocaloric effects.  
  The reversible change of internal energy (dU) in an elastic dielectric solid follows 
from the first and second laws of thermodynamics,  
 
iiijij dDEduTdSdU ++= σ  (1)  
  
where T, σij are temperature and external stress, and dS, duij, and dDi are the changes in 
entropy, strain, and dielectric displacement, respectively. The dielectric displacement Di is 
given by the constitutive relation, 
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iii PED += 0ε  (2)  
 
where ε0 is the dielectric permittivity of vacuum. The total scalar free energy density 
describing the polar dielectric solid is 
 
iiijij DEuTSUF −−−= σ  (3)  
 
and taking the differential of F and substituting Eq. (1) into (3) yields, 
 
iiijij dEDduSdTdF −−−= σ . (4)  
 
As F is an exact differential, we have, 
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(5)  
 
Eqs. (4) and (5) give relations for the thermal, elastic, and dielectric properties of the system, 
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(6)  
 
Differentiating the set of Eqs. (6), Maxwell relations relating the material compliances of the 
system are obtained, e.g.:  
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  The last relation gives the definition of the pyroelectric coefficient, and is valid for all 
polar dielectric solids. 
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(8)  
 
  For a ferroelectric material, the adiabatic temperature change ΔT corresponding to a 
field change of magnitude ∆E=Eb-Ea can then be explicitly calculated by integration of Eq. 
(8): 
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(9)  
 
  The partial derivative on the right hand side of Eq. (9) is primarily controlled by the 
nature of the ferroelectric transition and plays an important role in determining the 
electrothermal coupling properties of ferroelectric materials. In thin film structures, the order 
of the ferroelectric transition may be changed by the chemical composition, as in solid 
solution ferroelectrics, and/or by a change in the mechanical boundary conditions arising 
from heteroepitaxial and thermal expansion mismatch with the substrate [41,63-66]. In 
general, it is expected that adjusting conditions to produce a transition lying close to a 
tricritical point (i.e., a crossover from first-order to second-order behavior) will always 
produce the largest equilibrium electrocaloric response, since the derivative (dP/dT) → ∞ at 
this point [67].  
 
14 
 
2.2. Electrocaloric Cooling Cycles 
  Electrocaloric materials employed in practical cooling device applications must make 
use of an appropriate thermodynamic cycle. One example is the Ericsson cycle depicted 
schematically in Figure 2. The cycle consists of two constant field steps at Ea and Eb and two 
isothermal steps at T1 and T2. If the electrocaloric material is operated under conditions 
corresponding to the maximum in response at TM as shown in Figure 1, the reversible energy 
density change occurring as a result of a field change ΔE = Eb - Ea reduces to Qrev≅TM pΔE. 
The right-hand panel of Figure 1 shows that this simple relation is approximately obeyed 
during a field step corresponding to one-half the cycle depicted in Figure 2, for example, the 
step corresponding to the segment B→C.  A polar dielectric of volume V operates as a heat 
pump when a time varying electric field Ei(t) having extrema with values Eb and Ea is 
impressed on its surfaces. Because the electrocaloric temperature change that results is a 
volume effect over V, the cycle along the path A→B→C→D can produce useful cooling at 
the heat source in a bulk material only if the heat flux is rectified. Several methods of doing 
so utilizing micro-electro-mechanical (MEMS) or thermoelectric thermal switches located at 
the heat source and sink have been proposed [68-71], with each switch being alternately open 
or closed during one-half cycle of operation. 
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Figure 2. Schematic of an electrocaloric Ericsson cooling cycle. 
 
  The particular form of the function Ei(t) is expected to depend on the details of the 
cooling device design.  For example, Ei(t) may be a sine, a saw tooth, or a square wave. The 
impression of Ei(t) on the surfaces of the dielectric will produce a time varying temperature 
field T(ri, t) that varies spatially with position, ri, and exhibits a phase lag with respect to 
Ei(t). Considering a propagation direction perpendicular to the plane of a thin plate of polar 
dielectric material having isothermal surfaces, and assuming for simplicity that T(ri,t) is a 
sinusoidal thermal wave of wavelength λ, the frequency ν of the thermal wave is given by 
the solution of the thermal conduction equation. For these boundary conditions this is, 
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where k(T, Ei) is the thermal conductivity, C (T, Ei) is the volume specific heat, D(T, Ei) is 
the thermal diffusivity, and l is the thickness of the polar dielectric material. The cooling 
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capacity, Π, achieved during the cycle A→B→C→D→A per unit volume of dielectric V 
becomes, 
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where W is the work of the cycle and φ is a measure of the material losses, including 
specifically conduction losses and the dissipative dielectric losses, tanδ = ε”/ε’ where ε’ and 
ε” are the real and imaginary parts of the dielectric permittivity, respectively.   
  Although the above analysis is highly simplified, it illustrates the influence of the 
specific heat and thermal conductivity of the polar dielectric material in determining the 
cooling capacity of practical electrocaloric cooling devices. An understanding of the 
dependences of these properties on temperature and applied electric field is expected to be an 
area of future research in the development of electrocaloric materials for cooling devices.  
2.3. Pyroelectric / Electrocaloric Property Coefficients 
  In polar dielectric solids, the center of positive charge does not coincide with the 
center of negative charge. The electrothermal properties of polar dielectric crystals are 
determined by the internal atomic rearrangements in the structure that lead to a change in the 
separation of the charge centers subject to a uniform change in temperature. Such 
rearrangements may occur under conditions of constant strain (uij) such that there is no 
change in the unit cell dimensions, and this change gives rise to the primary pyroelectric 
effect characterized by the coefficient (pi)u. If the crystal is not mechanically clamped, the 
unit cell dimensions may change due to thermal expansion. Further, because all pyroelectric 
materials lack a center of symmetry, they are also piezoelectric. The secondary pyroelectric 
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coefficient (pi)σ that is usually measured by experiment on bulk materials at constant stress 
(σij) includes both of these contributions. The two coefficients are not independent, and the 
primary coefficient is given by the thermodynamic relation, 
  
σσ
σ ilm
E
jklm
E
jkiui dcapp
,)()( −=  (12)  
 
where Ejka is the coefficient of thermal expansion, σ,Ejklmc  is the elastic stiffness, and σilmd is the 
piezoelectric compliance.   
It is apparent from Eq. (12) that large primary electrocaloric/pyroelectric effects are 
favored in crystal structures that have weak interatomic binding forces characterized by large 
amplitude thermal motion and small elastic stiffness. For example, perovskite oxides have 
corner-sharing oxygen octahedral linkages with small central cations and so tend to exhibit 
large primary coefficients when compared to more close–packed polar crystal structures such 
as wurtzite. Table 1 compares the room-temperature values of the primary 
electrocaloric/pyroelectric coefficients for several different polar oxides and the archetypal 
polymer ferroelectric, polyvinylidene fluoride. In ferroelectric materials the especially strong 
temperature dependence of the coefficient (pi)σ  arises due to the proximity of a displacive 
structural instability, where the polarization near the phase change varies with temperature 
and is proportional to the amplitude of a soft transverse optic phonon mode that condenses at 
the Curie temperature, TC. A general constitutive model for materials having these differing 
phase change characteristics is outlined below. 
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Table 1. Primary pyroelectric / electrocaloric  coefficients for several polar oxides 
(values taken from [72]). 
 
Polar 
Dielectric 
Crystal 
Structure 
Crystal 
Symmetry 
(pi)u  @ 298K 
(µC m-2K-1) 
Poled Ceramics  
BaTiO3 Perovskite Tetragonal, 4mm/∞m -260 
Pb(Zr0.95Ti0.05)O3 Perovskite Trigonal, 3m /∞m -306 
Crystals  
LiNbO3 Corundum 
derivative 
Trigonal, 3m -96 
LiTaO3 Corundum 
derivative 
Trigonal, 3m -175 
(Ba0.5Sr0. 5)Nb2O6 Tungsten Bronze Tetragonal, 4mm -502 
SrBi2Ta2O9 Aurivillius Orthorhombic, mm2      -240 
ZnO Wurtzite Hexagonal, 6mm -6.9 
PVDF Molecular Solid Orthorhombic, mm2 -40 
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CHAPTER 3  
OBJECTIVE                        
  The Ph.D. research that was carried out establishes a comprehensive understanding of 
the electrothermal properties and provides a quantitative analysis by taking into account the 
effects of:  
• Phase transition orders and compositions. 
• Different electrical and mechanical boundary conditions. 
• Internal stresses (thermal & epitaxial). 
 This work strives to answer the following questions: 
• What are the electrothermal properties of mechanically free (bulk) ferroelectric 
perovskites and 'incipient' ferroelectrics? This establishes a reference state. 
• What are the electrothermal properties of ferroelectric perovskites and 'incipient' 
ferroelectric under the simplest boundary condition: perfect laterally clamping 
with no misfit strain? The results will be compared with the reference state to 
quantify the influence of the mechanical boundary conditions.  
• How do thermal stresses influence the electrothermal properties of ferroelectrics? 
We will analyze polycrystalline ferroelectric films on various substrates as 
examples to determine the influence of thermal stresses. 
• What are the electrocaloric and pyroelectric properties of epitaxial incipient 
ferroelectrics? 
 The results will serve as a guide to experimental studies to maximize electrocaloric 
and pyroelectric properties of ferroelectric thin films. 
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CHAPTER 4  
THERMODYNAMIC MODEL 
4.1. Landau Theory 
  The Gibbs free energy density of a proper ferroic phase transformation of a single-
domain system with a three-component order parameter, η, can be written in general form as: 
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(13)  
 
where αij, βijkl are the free energy expansion coefficients, Aijkl coefficient of the gradient term, 
δijk and qijkl are the bilinear and linear-quadratic coupling coefficients between the order 
parameter and the strain, xij, Cijkl are the elastic coefficients, Ωi is an external field conjugate 
to the order parameter, and Ωi(int) is the internal field due to variations in ηi. Proper 
ferroelectric phase transformations can be described by the above relation with the 
ferroelectric polarization P as the order parameter and E as the conjugate field.  
4.2. Bulk Ferroelectric Materials 
  The starting point for the analysis of the electrothermal properties of perovskite 
ferroelectrics such as BaTiO3 and PbTiO3 (PTO) is the classical 2-4-6 Ginzburg-Landau-
Devonshire polynomial [73,74] expressed in powers of the polarization vector P={P1, P2, 
P3}. Assuming isothermal conditions and considering only the paraelectric-ferroelectric 
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transition between the cubic (Pm3m) and tetragonal (P4mm) phases, the expansion of the 
free energy density for the monodomain single crystal in the unconstrained state reduces to 
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where F0 is the free energy density of the paraelectric phase. In the tetragonal ferroelectric 
state P1=P2=0, and P3=P≠0 is the component of the electric polarization directed along one 
of the cube axes of the high-symmetry phase. Here E=E3 is a component of the applied 
electric field vector oriented parallel to the polarization direction, and α1, α11, and α111 are 
dielectric stiffness coefficients. The quadratic coefficient α1 is given by the Curie-Weiss Law, 
α1=α0(T-TC), where α0 = 1/(2ε0C), ε0 is the permittivity of free space, TC is the Curie 
temperature, and C is the Curie-Weiss constant. The higher-order dielectric stiffness 
coefficients α11 and α111 are, in principle, also analytical functions of temperature. However, 
to reproduce the qualitative features of the paraelectric-ferroelectric phase change at 
temperatures close to the Curie point, where the Landau series is asymptotically accurate, it 
is sufficient to take these higher-order coefficients as constants.  
  When E=0, the spontaneous polarization (PS) in the tetragonal ferroelectric phases of 
BaTiO3 and PbTiO3 follows from the condition of thermodynamic equilibrium, 
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  When E≠0, the equilibrium polarization P0 has contributions that arise from both the 
spontaneous polarization and the induced polarization, and its value is determined from the 
equation of state, 
 
EPFbulk =∂∂ /  (17)  
 
4.3. Epitaxial Films and Misfit Strain 
  For epitaxial thin film materials, the free energy density has to be modified to take 
into account the clamping effect of the substrate and/or the misfit strain, um, due to the lattice 
mismatch between the film and substrate. Here we consider as an example a particular case 
of epitaxial BaTiO3, PbTiO3 films deposited on a cubic substrate with (001) film // (001) 
substrate. Considering the mechanical boundary conditions for this situation, [i.e., equal in-
plane biaxial stress components (in contracted notation) σ1=σ2, no shear stresses 
(σ4=σ5=σ6=0) and no out-of-plane stress (σ3=0)], the free energy density for the ferroelectrics 
BaTiO3 and PbTiO3 can be expressed as, 
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The elastic energy term, Fel, is given by,  
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Here, um is the in-plane polarization-free misfit strain defined as: 
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where afilm and asubstrate are the pseudocubic lattice parameters of the free standing film and 
the substrate, respectively. The product Q12P2 is the self-strain due to polarization, Qij are the 
cubic electrostrictive coefficients in polarization notation, and C~  is an effective elastic 
modulus, 
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where Cij are the elastic stiffnesses at constant polarization. After some rearrangement, the 
following expression obtains [65]: 
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with modified dielectric stiffness coefficients given by: 
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CQum
~2~ 1211 −= αα  (23)  
CQ ~~ 2121111 += αα  (24)  
 
  It should be noted if we consider an epitaxial film with no in-plane strain (um = 0), the 
Curie temperatures TC of the ferroelectrics BaTiO3 and PbTiO3 will not change, relative to 
their values in the unclamped state, since 11
~ αα =  in Eq. (23). However, the order of the 
phase transformation may be changed due to the two-dimensional clamping of the film by the 
substrate as described by 11
~α , which is not a function of the misfit strain um. Hence, if the 
phase transformation in the unconstrained single crystal is of first-order (i.e., α11 < 0), the 
phase transformation in the corresponding epitaxial film may be of second-order, depending 
on the magnitude of CQ ~212 . When the external field E=0, minimization of the modified free 
energy with respect to the polarization (∂Ffilm / ∂P=0) yields the spontaneous polarization of 
the film as a function of the misfit strain, 
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  We limit our discussion here only to the phase transformation from a cubic non-polar 
to a tetragonal ferroelectric “c-domain” phase. As shown theoretically for BaTiO3 and 
PbTiO3, other tetragonal variants and non-tetragonal ferroelectric phases may also form, 
depending on the sign and magnitude of the misfit strain [75]. These can be included by 
modifying the Landau potential to take into account all components of the polarization vector 
and the corresponding elastic/electrostrictive energies associated with the additional 
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polarization components. Furthermore, the theoretical approach may also be expanded to 
include polydomain formation as well [76]. 
  It follows from Eq. (13) that for a constant electric field E, the excess entropy SXS and 
the excess specific heat ΔCE of the thin film material can be expressed through:  
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where F0 is the equilibrium total free energy density. The adiabatic temperature change can 
then be determined explicitly from the relation, 
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where the total volumetric specific heat CE,σ(T, E, um) is estimated by adding the computed 
excess specific heat to the zero-field values of the "hard mode" contributions taken from 
experimental measurements. The pyroelectric coefficient can then be expressed as: 
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where ε = (∂2F/∂P2)-1
 
is the dielectric response. 
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4.4. Polycrystalline Films and Thermal Stresses 
  For polycrystalline ferroelectric films, thermal stresses can develop in the film due to 
the differences in the coefficients of thermal expansion (CTEs) between the film and the 
substrate upon cooling from the film growth (or annealing) temperature, TG. A variety of 
substrates (SrTiO3, MgO, LaAlO3, metallized Si and sapphire) can be used to provide 
different levels of internal stresses. For some device applications, such as active on-chip 
cooling, integrated circuit (IC)-friendly substrates are required. In these situations, the values 
of the misfit strain, um, in the preceding equations need to be replaced by in-plane thermal 
strain, uT, given by, 
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where αF and αS are the in-plane coefficients of thermal expansion of the film and the 
substrate, respectively, T is the temperature of the film, and TG is the growth/annealing 
temperature. The way TG is defined in this analysis depends on the film deposition technique. 
For physical vapor deposition methods such as pulsed laser deposition (PLD), TG is substrate 
temperature during growth. For chemical deposition techniques such as spin coating or 
metal-organic chemical vapor deposition (MOCVD), TG corresponds to the temperature at 
which the final annealing step is carried out. The CTEs of the film materials (BST 60/40, 
BST 70/30, BST 80/20, and BST 90/10) and the substrates [(001) Si, c-sapphire, and a-
sapphire] used in our calculations are given in Table 2 and Table 3. 
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Table 2. Thermal expansion coefficients of Si and sapphire. 
 
Substrate TEC of the substrate, ×106 ( 1−C ,T in C ) Ref. 
Si 3.725×{1-exp[-5.88×10-3(T+149)]}+5.548×10-4×(T+273) [77] 
sapphire c-axis 8.026+8.17×10-4×T-3.279×exp(-2.91×10-3×T) [78] 
sapphire a-axis 7.419+6.43×10-4×T-3.211×exp(-2.59×10-3×T) [78] 
 
Table 3. Thermal expansion coefficients of BST as a function of Sr composition. 
 
 TEC, ×106 ( 1−C ,T in C ) 
BST 60/40 8.90+7.90×10-3×T 
BST 70/30 8.81+8.58×10-3×T 
BST 80/20 8.72+9.26×10-3×T 
BST 90/10 8.63+9.94×10-3×T 
 
  For perovskite ferroelectrics such as BaTiO3 and PbTiO3 deposited on (001) 
substrates such as Si and c-sapphire, which have isotropic in-plane coefficients of thermal 
expansion, the thermal strains are equibiaxial. For perovskite ferroelectrics such as BaTiO3 
and PbTiO3 deposited on substrates such as a-sapphire, however, the in-plane thermal strains 
are anisotropic, and the in-plane strains along a- and c-axes are )(1 GT Tu  and )(2 GT Tu , 
respectively.  
  Assuming that the thickness of the substrate is much larger than the film thickness so 
that all internal stresses are concentrated in the film, for BST films on Si and c-sapphire 
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substrates which have isotropic in-plane CTEs, the free energy density of the film taking into 
account the in-plane thermal stresses can be expressed as [79]: 
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The modified dielectric stiffness coefficients 1~α  and 11~α  are given by: 
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where S11 and S12 are the elastic compliances of the film at constant polarization. It is 
assumed that the thermodynamic, elastic and electromechanical coefficients of the BST films 
are a linear function of composition determined by averaging corresponding values of 
BaTiO3 and SrTiO3 (Table 4).  
  The condition for thermodynamic equilibrium is given by the equation of state 
EPGiso =∂∂ /  such that: 
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Thus, the dielectric response along [001] is: 
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and the pyroelectric coefficient along [001] can be expressed as: [1,80] 
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where PS is the spontaneous polarization along [001] corresponding to the solution of 
0/ =∂∂ PGiso , and T is the operating temperature of the pyroelectric. The first term in Eq. (7) 
is purely from the spontaneous polarization in the ferroelectric phase below TC and the 
second term provides the pyroelectric contribution from the temperature variation of the 
induced polarization. 
  For a-sapphire substrate which has anisotropic in-plane CTEs along its a- and c- axes, 
the in-plane strains due to the thermal stresses along a- and c- axes are different. The free 
energy density taking into account the in-plane thermal stresses can be expressed as: 
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where )(1 GT Tu  and )(2 GT Tu  are the in-plane strains along a- and c-axes, respectively, and the 
modified dielectric stiffness coefficients 3~α  and 33~α  are given by [81]: 
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The equation of state is EPG isoan =∂∂ /  from which the polarization and its dependence on 
1Tu , 2Tu , and E can be determined. The dielectric and pyroelectric coefficients follow from 
Eqs. (35) and (36) with appropriate changes in the re-normalized Landau coefficients [Eqs. 
(38) and (39)].   
 
Table 4. Bulk thermodynamic, elastic and electromechanical coefficients of BST. 
 
 BST 60/40 BST 70/30 BST 80/20 BST 90/10 
)( CTC
  -29.2 8.1 45.4 82.7 
)( CC   1.34×105 1.43×105 1.52×105 1.61×105 
11Q (m
4/C2) 0.0843 0.0907 0.0971 0.104 
12Q (m
4/C2) -0.0324 -0.0356 -0.0387 -0.0419 
11c (N/m
2) 2.33×1011 2.19×1011 2.04×1011 1.90×1011 
12c (N/m
2) 9.18×1010 9.00×1010 8.82×1010 8.64×1010 
11α (N m
6/C4) 2.16×106×T 
+3.02×108 
2.52×106×T 
+6.9×107 
2.88×106×T 
-1.64×108 
3.24×106×T 
-3.97×108 
111α ( N m
10/C6) 3.96×109 4.62×109 5.28×109 5.94×109 
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4.5. Incipient Ferroelectrics 
  The thermodynamic analysis described above can also be extended to incipient 
ferroelectrics, such as strontium titanate, SrTiO3. Although SrTiO3 crystals or polycrystalline 
ceramics remain paraelectric down to 0 K, the ferroelectric phase can be induced by uniaxial 
stress [25], an external electrical field [26], or by doping [27]. A thermodynamic analysis by 
Pertsev et al. [29,30] has shown that it is possible to induce a variety of different ferroelectric 
phases in epitaxial thin films of SrTiO3 that are not stable in monolithic single-crystal or 
polycrystalline forms. Following this work, ferroelectricity at room temperature (RT ≅ 300 K) 
in epitaxial (001) SrTiO3 thin films was observed experimentally by carefully adjusting the 
equi-biaxial in-plane misfit strain [28]. Here we describe a thermodynamic analysis for the 
electrocaloric properties of SrTiO3 films subject to mechanical boundary conditions that 
involve both perfect clamping and misfit strain. This analysis is summarized in the sections 
below. 
4.5.1. The Ferroelastic Transition 
  Under stress-free conditions, a structural phase transformation in SrTiO3 takes place 
below the temperature Tst to a centrosymmetric tetragonal phase belonging to space group 
I4/mcm. This ferroelastic transition involves a rotation of the oxygen octahedra about the 
cube axes of the high-symmetry cubic (Pm3m) phase. The order parameter for the structural 
phase transformation is given by q={q1, q2, q3} with q1=q2=0 and q3=q≠0. The free energy 
density for the stress-free monodomain crystal can then be expressed as: 
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EPqPtPaPaqbqbFPqETFbulk −−++++=
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2
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Here, b1 and b11 are the structural order parameter susceptibility coefficients, t11 is the 
coupling coefficient between the structural order parameter q and the field-induced 
polarization P, and a1 and a11 are the dielectric stiffness coefficients. 
  For SrTiO3, the equilibrium condition for E=0 (and thus P=0) is given by, 
 
0/ =∂∂ qFbulk  (41)  
 
or 
 
11
1
2
)(
b
bTqS −±=  
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When E≠0, the condition of thermodynamic equilibrium gives, 
 
0/ =∂∂ qFbulk  (43)  
EPFbulk =∂∂ /  (44)  
 
yielding two expressions that must be solved simultaneously, 
 
02 211
3
111 =−+ qPtqbqb  (45)  
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EPqtPaPa =−+ 211
3
111 242  (46)  
 
  To describe the effects of mechanical boundary conditions on the structural phase 
transformation in epitaxial SrTiO3 thin films deposited on a cubic substrate with 
(001)film//(001)substrate, we adopt the particular form of the free energy density given by 
Pertsev et al. [29,30], 
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in which the re-normalized (structural and dielectric) stiffness and coupling coefficients are, 
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Here, gij are the electrostrictive constants, and λij are the coupling coefficients between the 
strain and the structural order parameter in contracted notation. For E=0, the shift in the 
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ferroelastic phase transformation temperature as a function of um is given by Eq. (48) and the 
two-dimensional clamping effect of the substrate is described by Eq. (49). The equilibrium 
structural order parameter for E=0 can be determined from Eq. (42) with the re-normalized 
stiffness coefficients 1
~b  and 11
~b . In the presence of an applied electric field E, the condition 
for thermodynamic equilibrium is given by the equations of state ∂Ffilm/∂q=0 and ∂Ffilm/∂P=E 
such that: 
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4.5.2. Strain-Induced Ferroelectric Phases 
  In Section 4.5.1, we have not taken into account the possibility of the formation of 
other ferroelastic/ferroelectric phases as discussed theoretically in Ref. [29,30]. We now 
extend the analysis by considering the formation of other ferroelastic/ferroelectric phases that 
can be induced by a misfit strain. The free energy density of the film under um ≠ 0 by can be 
expressed as [29,30], 
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The re-normalized coefficients ia~ and ija~ , ib
~
 and ijb
~
, and ijt
~  entering Eq. (54) are given by 
[29,30]: 
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where ai and aij, bi and bij, and tij are the stress-free, monodomain dielectric stiffness 
coefficients, structural order parameter susceptibility coefficients, and coupling coefficients 
between the polarization Pi and the structural order parameter qi, respectively. In Voigt 
notation, gij are the electrostrictive constants and λij are the coupling coefficients between the 
strain and qi. 
  Using Eqs. (54) and (55), the equations of state ∂Ffilm/∂Pi=0 and ∂Ffilm/∂qi=0 at Ei=0, 
the equilibrium polarization ),,(0 mii uETP  and the equilibrium structural parameter
),,(0 mii uETq  are obtained, and the adiabatic temperature change ΔT for the ferroelectric 
phases can be explicitly calculated from the relation [82], 
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  It should be noted that the constitutive model described in sections 4.1-4.5 is expected 
to be equally applicable to ferroelectric polymer systems. Recently, Li et al. have used the 
formalism presented here to compute the electrocaloric properties of two 
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poly(vinylidenefluoride-trifluoroethylene) [P(VDF-TrFE)] copolymers (65/35 and 55/45 
molar percentages) that exhibit first-order and second-order phase transitions, respectively 
[83]. Their findings closely parallel the results for ceramic polar dielectrics. These results 
will be discussed in detail below. 
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CHAPTER 5  
INFLUENCE OF COMPOSITION, PHASE TRANSITION ORDER, AND 
MECHANICAL BOUNDARY CONDITION 
  In comparing the electrocaloric behaviors of the ferroelectric compounds BaTiO3 
(BTO) and PbTiO3 (PTO), it is first instructive to consider the nature of the ferroelectric 
transitions that occur at the Curie points in these two materials. Because both materials 
exhibit weak first-order transitions that are close to second-order, it is useful to define a 
parameter that characterizes degree of deviation from a second-order phase change.  
Following the usual approach of the Landau theory, this parameter is easily recognized as the 
relative difference between the Curie temperature TC and the temperature TPF where the 
paraelectric and ferroelectric phases are in thermal equilibrium in the stress-free crystal, 
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(57)  
 
  It follows from Eq. (57) that 0)( →− CPF TT  as the quartic dielectric stiffness 
coefficient 011 →α , and under this condition, the transition becomes of second-order. The 
point in the general electric field-temperature-stress phase diagram of a ferroelectric crystal 
where a line of first-order transitions passes over to a line of second-order transitions is 
known as a tricritical point.  This is the point where two lines of electrical critical points 
having opposite signs of E intersect the line of second-order phase transitions. Using the 
Landau coefficients listed in Table 5, a measure of the degree of deviation from this point for 
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the stress-free crystal at zero field may be estimated as Δ ≅ 0.013 for BTO, while in PTO is 
about fifty percent larger, Δ ≅ 0.019. 
 
Table 5. Landau Coefficients and Thermodynamic Properties of BaTiO3 and PbTiO3 
(in SI units, the temperature T in K) [23]. 
 
 BTO PTO 
TC 383 752 
α 1 3.3(T-383)×105 3.8(T-752)×105 
α 11 3.6(T-448) ×106 -7.3×107 
α 111 6.6×109 2.6×108 
Q12 -0.043 -0.026 
C11 1.76×1011 1.75×1011 
C12 8.46×1010 7.94×1010 
 
  With these considerations in mind, it is now useful to compare the family of curves 
E
TP )( and EE TC )( for BTO and PTO at different field strengths E under both mechanically 
free and clamped boundary conditions.  The computed results for BTO (Δ = 0.013) are 
shown in Figure 3.  
40 
 
 
Figure 3. Plots of polarization and specific heat as functions of temperature and applied 
electric field for monodomain BaTiO3 in the mechanically free state [(a) and (b)], and 
under prefect lateral clamping [(c) and (d)]. 
 
  Naturally, the application of the field conjugate E of the order parameter P destroys 
the discontinuities in thermodynamic properties at the temperature TPF of the first-order 
paraelectric-ferroelectric phase change. As seen in Figure 3(a), for BTO, a field strength 10 
kV/cm is sufficiently large to do so. However, the curve P(T) in this field exhibits an 
inflection point at T > TPF and the second derivative properties, such as the specific heat CE, 
will therefore exhibit a well-defined maximum, as shown in Figure 3(b). As the field strength 
is increased, the inflection point will move to higher temperatures, and the gradient of the 
curve at this point,  ∂P/∂T, will diminish. At still higher field strengths the value of  ∂P/∂T at 
the infection point will be substantially reduced because the majority contribution to the total 
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polarization is induced by the electric field. For mechanically-free BTO, a comparison of 
Figure 3(a) andFigure 3(b) indicates that this behavior occurs for field strengths exceeding E 
~ 100 kV/cm. Under mechanically clamped conditions, the family of curves ETP )( and
EE
TC )(  are qualitatively similar, as shown in Figure 3(c) and (d).  However, perfect lateral 
clamping transforms the zero-field first-order phase transition in to a second-order one, and a 
much lower field strength E ~ 50 kV/cm is required to achieve the same effect as observed at 
100 kV/cm in the stress-free crystal. As can be appreciated by comparing Eq. (24) with Eq. 
(57), the zero-field first-order transition (α11 < 0) is transformed into a second-order one 
under the condition that the product CQ ~212  is sufficiently large. 
  The corresponding family of curves ETP )( and EE TC )( are shown for PTO under 
mechanically free and clamped boundary conditions in Figure 4. It is clear that owing to the 
stronger first-order paraelectric-ferroelectric phase change in PTO (Δ = 0.019) the results will 
differ, but only quantitatively, from those shown for BTO on Figure 3. In this connection 
there are, however, several points worthy of note.  First, despite the stronger first-order phase 
change in PTO as compared with BTO, the effect of perfect lateral clamping is the same. The 
product CQ ~212  is again larger than the absolute value of the quartic dielectric stiffness 
coefficient α11, and the zero-field first-order transition becomes of second-order under 
mechanical clamping.  Second, inspection of Figure 4(a) reveals that, in contrast to the 
weaker first-order phase change in BTO, a field strength E = 10 kV/cm is not sufficient to 
destroy the discontinuities in first derivative thermodynamic properties for the mechanically 
free crystal.  Inspection of Figure 4(a) and (b) shows that at some field 0 < E < 50 kV/cm 
there should exist an electrical critical point, where both ∂P/∂T and CE approach infinity. 
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Very close to this point the electrocaloric effect will be maximal but also show a strong 
dependence on temperature over a very narrow range.  Finally, it is clear that even at field 
strengths as large as E = 150 kV/cm, remnants of the temperature variation of the 
spontaneous polarization due to the phase change persist in both the mechanically free and 
clamped states to temperatures that are significantly higher than the transition temperatures, 
TPF and TC, respectively. This is evidenced by the weak maxima observed in the specific heat 
curves, as shown in Figure 4(c) and (d). 
 
 
Figure 4. Plots of polarization and specific heat as functions of temperature and applied 
electric field for monodomain PbTiO3 in the mechanically free state [(a) and (b)], and 
under prefect lateral clamping [(c) and (d)]. 
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Figure 5. Plots of polarization and specific heat as functions of temperature and applied 
electric field for monodomain STO in the mechanically free state [(a) and (b)], and 
under prefect lateral clamping [(c) and (d)]. 
 
  The effect of an electric field on the ferroelastic phase change in SrTiO3 is, of course, 
fundamentally different.  In STO all of the polarization is induced by the applied field, and as 
seen in Figure 5(a) and (c), the ETP )( curves change little with changes in temperature and 
mechanical boundary constraints.  In this instance, the main effect of an applied field is to 
shift the temperature Tst of the second-order ferroelastic phase change to lower temperatures, 
as can be seen by the behavior of the specific heat shown in Figure 5(b) and (d).  Physically 
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interpreted, the effect of the electric field is to oppose the rotation of the oxygen octahedra 
about the (pseudo-cubic) four-fold axis oriented normal to the film surface, stabilizing the 
higher symmetry cubic phase relative to the lower temperature tetragonal phase.  Under 
different mechanical boundary conditions (e.g., with um ≠ 0) a non-polar phase could be 
induced, and this simple picture would be modified. 
  Recalling that the experimental measurement conditions for the EC effect are defined 
by the Maxwell relation, ( )TESp ∂∂= , the influence of the differing phase transition 
behaviors described above on the electrocaloric responses can best be appreciated by 
examining the field dependence of the excess entropy along lines of constant temperature. 
The results computed for BTO under mechanically free and clamped conditions are shown in 
Figure 6.  For the mechanically free crystal it is seen in Figure 6(a) that, on increasing the 
field from an initial value Ea = 0 to a nonzero field Eb  > Ea, the maximum change in entropy 
will always occur at the temperature of the first-order zero-field ferroelectric phase transition 
T = TPF. This occurs because the majority contribution to the entropy change at this 
temperature is not due to the electrocaloric effect, but instead arises from the discontinuous 
change in entropy SXS at the first-order transition, ΔSXS  = L/TPF where L is the latent heat. 
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Figure 6. Excess entropy as a function of temperature at different electric fields for (a) 
mechanically free (bulk) and (b) perfectly laterally clamped BaTiO3. At E=0 there is a 
discontinuity at the paraelectric-ferroelectric transition and as E increases this 
discontinuity disappears. The vertical lines mark the temperatures where the maximum 
change in entropy occurs for an electric field change ∆E having differing values of the 
bias field Ea and final field Eb as shown by the arrows (see text for details). 
 
  Alternatively, if the field increase is made to take place starting from a much higher 
field that is sufficient to cause the discontinuities at TPF to disappear as discussed above (e.g., 
E* = 50 kV/cm), the maximum entropy change will always occur at some higher temperature 
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T = T*. On the other hand, when the field is increased from an intermediate nonzero value, 
e.g., Ea = 10 kV/cm < E*, the maximum entropy change will occur at some different but 
intermediate temperature TPF < Ti < T*. Consequently, it is clear that when the electric field 
is changed between two values Ea and Eb, both the magnitude of the electrocaloric effect and 
temperature at which it is maximized depend not only on the extent of the field change ΔE = 
Eb−Ea but also on the value of the initial field Ea. It follows that under mechanically clamped 
conditions, where the zero-field paraelectric-ferroelectric transition is of second-order, E* 
may adopt a smaller value compared with that for the mechanically free crystal.  
  Under experimental conditions, Ea is a bias field and the field difference ΔE is the 
deviation above this bias. It is an important parameter to be specified, and it depends not only 
on the mechanical boundary conditions but also on the nature of the phase change in the bulk 
crystal. That this is the case is evident from Figure 7, where the field dependence of the 
excess entropy as function of temperature for PTO is plotted. Again, the qualitative results 
are the same as those for BTO, but owing to the stronger first-order phase change in PTO, 
they differ quantitatively. For PTO, it is clear that even under clamped conditions, the shapes 
of the entropy-temperature curves will continue to evolve with electric field, even if a bias 
field as large as 150 kV/cm were to be applied. As a result, the maximum in the 
electrocaloric effect observed for differing values of ΔE above this bias will be displaced to 
lines of progressively higher temperatures. Because of the stronger first-order phase change 
in PTO as compared with BTO, a much larger bias field is required to minimize the 
dependence of the electrocaloric effect on temperature. For comparison, the entropy-
temperature curves for STO are shown in Figure 8. For STO, the primary effect of an electric 
field is to produce a small displacement of these curves toward the origin, relative to the 
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zero-field temperature Tst of the second-order ferroelastic transition, as a consequence of the 
change in the excess specific heat due to the temperature and field dependencies of the 
structural order parameter.  
 
 
Figure 7. Excess entropy as a function of temperature at different electric fields for (a) 
mechanically free (bulk) and (b) perfectly laterally clamped PbTiO3.  
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Figure 8. Excess entropy as a function of temperature at different electric fields for (a) 
mechanically free (bulk) and (b) perfectly laterally clamped SrTiO3 near the structural 
phase transformation temperature. 
 
 
The adiabatic temperature changes corresponding to the electrocaloric and 
electrothermal effects occurring near the ferroelectric and ferroelastic phase transitions in 
BTO, PTO and STO can be computed using Eq. (9). These are compared in Figure 9 as 
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functions of temperature and electric field change, ΔE. In all cases the field change ΔE is 
taken relative to a bias field of Ea = 50 kV/cm. The results for BTO, PTO and STO under 
mechanically free conditions are compared in Figure 9(a), (c) and (e) and the corresponding 
results obtained under perfect lateral clamping are compared in Figure 9(b), (d) and (e), 
respectively. It is seen that for this choice of bias field the adiabatic temperature changes 
occurring near the first-order phase change in BTO under mechanically free conditions is 
modest, with a maximum value of ΔT ~ 1.6 K.  For the stronger first-order change in PTO 
the maximum electrocaloric effect is much larger, ΔT ~ 9 K, but the effect is far more 
sensitive to temperature than it is for BTO under the same conditions. In STO, there is no 
true electrocaloric effect, and the temperature change arising from the change in the excess 
specific heat near the second-order structural phase transition is very small, ΔT < 0.5 K. For 
BTO and PTO mechanical clamping transforms the first-order transitions into second-order 
ones, and so at the same bias field, both the magnitude and the temperature dependence of 
the electrocaloric ΔT are reduced.  For the stronger first-order phase change in PTO, it is 
evident based on the results described above that an increase in the bias field to a value Ea > 
150 kV/cm would further reduce the temperature sensitivity. As may be expected, for STO, 
mechanical clamping has no appreciable effect on the electrothermal temperature change.   
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Figure 9. Three-dimensional plots of the adiabatic temperature change ΔT as functions 
of T and ΔE (Ea=50 kV/cm) for monodomain uniaxial (a), (c), and (e) unclamped stress-
free (bulk) BaTiO3, PbTiO3, and SrTiO3, respectively, and (b), (d), and (f) BaTiO3, 
PbTiO3, and SrTiO3 thin films with um = 0, respectively. 
 
 
  The data shown in Figure 9 also provides a qualitative indication concerning how the 
electrocaloric response of solid solutions comprising BTO, PTO and/or STO as end member 
compounds may be expected to change with composition under the specific boundary 
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conditions investigated. In the pseudo-binary phase diagrams of these systems, both the Curie 
temperature and the first-order character of the ferroelectric phase transition can be 
continuously varied with composition. For example, in the pseudo-binary solid solution 
BaTiO3-SrTiO3 (BST) the Curie temperature can be decreased from that of BTO (~383 K) 
over a temperature range extending down to about 150 K.  In this instance, the composition 
change plays a role analogous to effect of hydrostatic pressure, and the order of the 
ferroelectric transition continually decreases toward a tricritical point as the strontium 
concentration is increased. The nature of the phase change, for a given composition (and 
hence Curie point), may however, also be modified by compressive or tensile misfit strains 
arising from thermal stresses or lattice mismatch with the substrate. In choosing a 
ferroelectric material with a Curie temperature appropriate for use a in given temperature 
range, the electrical and mechanical boundary conditions can be adjusted, in conjunction with 
composition, in order to alter the nature of the phase change. 
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CHAPTER 6  
INFLUENCE OF THERMAL STRESSES 
6.1 Pyroelectric Response 
  Figure 10 plots the in-plane tensile thermal strain as a function of TG for BST 70/30 
as an example. For this case, since (on average) the CTEs of the substrates are lower than the 
CTE of the BST 70/30 film in the temperature range of our analysis (25ºC ≤ TG ≤800ºC), the 
in-plane thermal strains are positive and increase with TG. For BST 70/30 on (001) Si and c-
sapphire which have isotropic in-plane CTEs, the thermal strains are equibiaxial. The 
magnitudes of the in-plane strain on Si and on c-sapphire as a function of TG are given by the 
open squares and triangles in Figure 10, respectively. For films on a-sapphire, however, the 
in-plane thermal strains are anisotropic; the two orthogonal components of the thermal strain 
are given by the open circles and open triangles in Figure 10 as a function of TG. The other 
three compositions (BST 60/40, BST 80/20, and BST 90/10) show similar behavior: increase 
in tensile in-plane thermal strains with increasing TG (not included). As large tensile strains 
suppress ferroelectricity and reduce all functional properties of ferroelectrics [36],  a lower 
processing temperature would be needed for BST films on these particular substrates. This 
will be discussed in detail with respect to the pyroelectric response.  
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Figure 10. In-plane thermal strain of BST 70/30 films at RT as a function of the growth 
temperature on Si and sapphire along a- and c- axes. 
 
 
   The calculated pyroelectric coefficients at RT of the four BST compositions as a 
function of TG and the applied electric field (E) on the three substrates are shown in Figure 11 
[on (001) Si], Figure 12 (on c-sapphire), and Figure 13 (on a-sapphire) for 25ºC ≤ TG ≤800ºC 
and 0 ≤ E ≤ 200 kV/cm. In Figures Figure 11, Figure 12, and Figure 13, plots (a), (b), (c), 
and (d) correspond to the RT pyroelectric response of BST 60/40, BST 70/30, BST 80/20, 
and BST 90/10, respectively. As the temperature decreases from TG to RT, thermal strains 
develop in the film due to the difference of CTEs between the film and the substrate. 
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Figure 11. The RT pyroelectric coefficient of BST films with composition (a) BST 60/40 
(b) BST 70/30 (c) BST 80/20 (d) BST 90/10 as a function of the growth temperature and 
the applied electric field on Si substrates. 
 
  Table 3 shows that for bulk, un-stressed BST 60/40 and BST 70/30 TC is below RT 
(~-29oC and 8oC, respectively) while for BST 80/20 and BST 90/10 TC is above RT (45oC 
and 82oC, respectively.). In thin film form, TC will shift from its bulk value due to the 
modification of the quadratic dielectric stiffness coefficient depending on the magnitude of 
the thermal strain, see Eqs. (32) and (38). In the range of TG that was employed in this 
analysis, BST 60/40 [Figure 11(a), Figure 12(a), and Figure 13(a)] and BST 70/30 [Figure 
11(b), Figure 12(b), and Figure 13(b)] compositions on all three substrates will be in the 
paraelectric state. As such, the pyroelectric response is entirely due to the polarization 
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induced by an applied electric field (hence p = 0 when E = 0) giving rise to a magnitude of 
the order of 10-2 µC/cm2K. As the TG increases, i.e., an increase in the in-plane tensile 
thermal strain, the magnitude of p decreases. In certain TG ranges,p does not vary 
substantially as E is further increased. For instance, for BST 70/30 films on c-sapphire 
[Figure 12(b)], the pyroelectric coefficient remains relatively unchanged for 300oC < TG < 
500oC when 100kV/cm < E < 200kV/cm. For pyroelectric IR detectors in the dielectric 
bolometer mode, this might be a useful attribute that can produce a pyroelectric response that 
is relatively insensitive to the processing temperature. It essentially provides a rather large 
“processing window” and would not require an extremely sensitive temperature control. 
However, there are two other regions, most prominently seen in Figure 12(b), where there are 
considerable variations in p. This is because of the temperature and electric field 
dependence of the dielectric response [see Eq. (36)]. We will discuss this in detail in 
connection with the data presented in Figure 14. 
  For BST 80/20 thin film, TC = RT if TG = 95oC on Si [Figure 11(c)], TG = 123oC on c-
sapphire [Figure 12(c)], and TG = 130oC on a-sapphire [Figure 13(c)]. These processing 
temperatures change for the BST 90/10 films; TG = 208oC on Si [Figure 11(d)], TG=278oC on 
c-sapphire [Figure 12(d)], and TG = 294oC on a-sapphire [Figure 13(d)]. When TG is lower 
than these critical values, TC > RT, and the BST films are in the ferroelectric state at RT. 
Analogous to the cases discussed above for BST 60/40 and 70/30, in the paraelectric state 
above TC, p = 0 when E = 0. In the ferroelectric state, the pyroelectric response now contains 
contribution from the temperature dependence of PS. This can be considerably larger than the 
temperature dependence of the induced polarization and increases dramatically as TC is 
approached. If the thermal strains are engineered in such a way that TC corresponds to RT, 
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one can realize pyroelectric coefficients of the order of 1.0 µC/cm2K or larger. For example, 
if a BST 90/10 film on (001) Si is processed at TG = 208oC, the λ-type anomaly associated 
with the paraelectric-ferroelectric transition occurs at RT and such films would thus have 
exceptionally high pyroelectric properties. However, the downside of this is that the 
processing temperature (whether this is the substrate temperature at deposition or annealing 
temperature) has to be controlled extremely precisely (within 1oC). 
 
 
Figure 12. The RT pyroelectric coefficient of BST films with composition (a) BST 60/40 
(b) BST 70/30 (c) BST 80/20 (d) BST 90/10 as a function of the growth temperature and 
the applied electric field on c-sapphire substrates. 
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Figure 13. The RT pyroelectric coefficient of BST films with composition (a) BST 60/40 
(b) BST 70/30 (c) BST 80/20 (d) BST 90/10 as a function of the growth temperature and 
the applied electric field on a-sapphire substrates. 
 
  To discuss the pyroelectric response in the paraelectric in more detail, we present in 
Figure 14(a) the induced polarization in BST 70/30 on c-sapphire as a function of TG. Since 
the film is in paraelectric state, there is no polarization when E = 0. At a given TG, the 
induced polarization increases with E, and at a given E, higher induced polarizations are 
possible for smaller in-plane thermal strains resulting from a lower TG. This is also shown in 
Figure 14(b) where polarization is plotted as a function of E for TG = 100oC and 700oC.   
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Figure 14. BST 70/30 on c-sapphire at RT: (a) The total polarization as a function of the 
growth temperature at various applied electric fields; (b) the total polarization for TG = 
100ºC (○) and TG = 700ºC (△) as a function of E; (c) the relative dielectric constant for 
TG = 100ºC (○) and TG = 700ºC (△) as a function of E; and (d) the pyroelectric coefficient 
for TG = 100ºC (○) and TG=700ºC (△) as a function of E. 
 
  Figure 14(c) displays the variation in the dielectric constant of BST 70/30 on c-
sapphire as a function of E for TG = 100oC and 700oC. For TG = 100oC, the relative dielectric 
constant is extremely high at E = 0 (4,530) and decreases nonlinearly with E to 330 at 200 
kV/cm; a common property of ferroelectrics. The relatively large value of ε  at E = 0 
indicates that while the material is in paraelectric state, TC is not far off (-14oC) compared to 
the condition of TG = 700oC for which ε = 800 at E = 0 and TC is well below RT (-196oC). 
The RT pyroelectric response in the paraelectric state [Figure 14(d)] hence results from the 
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complicated interplay of the electric field and thermal strain dependence of the dielectric 
constant and the TG-dependence of the thermal strains. As such, the pyroelectric coefficient 
in the paraelectric state can be re-written as 
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for the case of isotropic equibiaxial strain [ ),,( 21 TT uuEp  for anisotropic substrates]. This 
leads to the behavior given in Figure 14(d) where p decreases for TG = 100oC when E is 
increased but it rises with E for the case of TG = 700oC. 
 
6.2 Electrocaloric Response 
  The dependence of the thermal strains on the growth temperature for BTO, 
BST60/40, and PTO on the various substrates is shown in Figure 15. Because the 
polycrystalline averages of the CTEs for the Si and sapphire substrates are lower than the 
TECs of the ferroelectric films in the temperature range of our analysis (RT ≤ TG  ≤ 800ºC), 
the in-plane thermal strains are tensile.  As seen in Figure 15, their magnitudes increase with 
TG. A principal effect of the tensile strains is to shift the zero-field values of TC to lower 
temperatures. This shift in TC arises due to the modification of the quadratic dielectric 
stiffness coefficient, depending on the magnitude of the thermal strain [Eqs. (32) and (38)]. 
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Figure 15. The variation in uT as a function of TG for a) BTO, b) BST 60/40, and c) PTO. 
 
  As shown in Figure 16, the thermal strains produce a decrease in the zero-field value 
of TC of BTO, BST 60/40, and PTO on Si and c-sapphire when compared to their bulk 
values. Naturally, under an applied electric field, the ferroelectric phase change at TC is 
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destroyed and the polarization vs. the electric field curve exhibits an inflection point, 
approaching zero asymptotically with increasing field. As a consequence, the adiabatic ∆T 
and other properties that depend on the derivative TP ∂∂ /  will show their maximum values 
at a temperature TM  > TC, slightly above the zero-field values shown in the figure [46]. 
 
 
Figure 16. The dependence of TC on TG for BTO, BST 60/40, and PTO on Si and c-
sapphire. 
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Figure 17. Adiabatic temperature change in (001) textured polycrystalline a) BTO, b) 
BST 60/40 and c) PTO thin films (Ea=50 kV/cm, ΔE=120 kV/cm) as a function of TG on 
Si, c-sapphire, and a-sapphire at RT. 
   
  Figure 17 plots the RT values of the adiabatic ∆T for BTO, BST60/40, and PTO on 
the various substrates. For the BTO films, the thermal stresses are sufficient to shift the zero-
63 
 
field TC to RT.  As a result, the electrocaloric response shows a pronounced dependence on 
TG. For BTO on Si, c-sapphire, and a-sapphire, a maximum in the electrocaloric response can 
be produced for growth temperatures TG equal to ~475oC, 625oC, and 650oC, respectively. 
For comparison, results for the BST 60/40 and PTO films are also shown in Figure 17. For 
BST 60/40 films, TC always lies below RT (Figure 16). As a result, the EC response simply 
decreases with an increase in TG. In contrast, for the PTO films TC lies far above RT and the 
adiabatic ΔT shows only a slight increase with TG. In BST 60/40 and PTO films, the 
contribution of the phase transition near TC is avoided; as such, the electrocaloric response is 
only weakly dependent on TG. These results clearly illustrate that thermal stresses can be 
engineered in such a way that as to shift the maximum in electrocaloric properties to a 
desired working temperature. 
  The influence of thermal stresses on the electrocaloric properties of a BTO cooling 
device working near room temperature can be better appreciated by comparing the adiabatic 
∆T vs. temperature curves for polycrystalline thin film BTO and stress-free monocrystalline 
bulk BTO, as shown in Figure 18. We note that the temperature dependence of the thermal 
strain is included in our calculations, i.e., we calculate uT (T, TG). For BTO films on Si, the 
thermal stresses for films grown at 450oC are sufficient to shift the zero-field Curie 
temperature TC to near RT, resulting in a strong enhancement of the electrocaloric properties 
as compared to the bulk material. It is further seen in Figure 18 that the adiabatic temperature 
change occurring at RT closely approaches that of the bulk near its Curie temperature. 
Similar results are obtained for BTO on sapphire substrates. The curves in Figure 18 
demonstrate that the growth temperature of polycrystalline ferroelectric films is an important 
parameter to be controlled in optimizing the electrocaloric properties. 
64 
 
 
Figure 18. Adiabatic temperature change in Bulk BTO and (001) textured 
polycrystalline BTO on Si (Ea=50 kV/cm, ΔE=120 kV/cm) as a function of T at different 
TG. 
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CHAPTER 7  
INCIPIENT FERROELECTRIC MATERIALS 
  Using Eqs. (54) and (55), the equations of state 0/ =∂∂ iPG  and 0/ =∂∂ iqG  at Ei =0, 
and the values of the property coefficients for STO given in Ref. [29], we obtain the identical 
misfit um – T phase diagram of epitaxial monodomain STO films as given by Pertsev et al. 
[30]. Figure 19 shows the stability regions of various phases for 150 K < T < 400 K and –
0.02 < um < 0.02. The possible phases and their corresponding order parameters that appear in 
Figure 19(a) and (b) are: HT: P1=P2=P3=0, q1=q2=q3=0; ST: P1=P2=P3=0, q1=q2=0, q3≠0; 
FTI: P1=P2=0, P3≠0, q1=q2=q3=0; FTII: P1=P2=0, P3≠0, q1=q2=0, q3≠0; FOI: |P1|=|P2| ≠0, 
P3=0, q1=q2=q3=0. We limit ourselves to these ranges of T and um since lower operating 
temperatures are not of great interest for electrocaloric cooling devices and misfit strains 
larger than  2% in magnitude (depending on the substrate material and film thickness) would 
be partially or completely relaxed via the formation of two-dimensional periodic arrays of 
interfacial dislocations [84]. The effect of misfit dislocations can certainly be incorporated 
into the model using an "effective" substrate lattice parameter [85], but this would 
unnecessarily complicate the physical interpretation of the results and would obscure the 
effect of um. 
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Figure 19. Misfit strain vs. temperature phase diagram of epitaxial monodomain (001) 
SrTiO3 films. The order parameters of the phases appearing in this map are: HT: 
P1=P2=P3=0, q1=q2=q3=0; ST: P1=P2=P3=0, q1=q2=0, q3≠0; FTI: P1=P2=0, P3≠0, 
q1=q2=q3=0; FTII: P1=P2=0, P3≠0, q1=q2=0, q3≠0; FOI: |P1|=|P2| ≠0, P3=0, q1=q2=q3=0. 
 
 
  Figure 19 shows that, depending on um and T, three ferroelectric phases (FTI, FTII, 
and FOI) can be stabilized by the lattice mismatch between the film and the substrate. For 
example, at T = 225 K and 0.0127 < um < 0.0106, the HT phase is stable. The HT phase is a 
tetragonally distorted but non-polar variation of the parent cubic (Pm 3 m) phase. The 
tetragonality [i.e., (c-a)/a where c, a are the lattice parameters of the HT phase] is positive 
(negative) for um < 0 (um > 0) and is zero for um=0 for which c=a=a0 where a0 is the lattice 
parameter of unconstrained STO. For tensile misfit strains um > 0.0106, the ferroelectric FOI 
phase (which has an equi-biaxial in-plane spontaneous polarization) stabilizes, while for 
compressive misfit strains um < − 0.0127, the ferroelectric FTI phase is stabilized with an out-
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of-plane spontaneous polarization along the [001] direction. At this temperature, a transition 
to the FTII phase occurs for compressive misfit strains um < −0.0144. This transformation 
involves the rotation of the TiO6 octahedra characterized by the structural order parameter qi 
and produces a change in the magnitude of polarization along the [001] direction. Hence, the 
magnitude of the polarization in any of the three ferroelectric phases depends on both um and 
T.  
  The adiabatic temperature change ΔT for the ferroelectric phases can be explicitly 
calculated from Eq. (56). Here, the volumetric specific heat ),,(0 miE uETC  was estimated by 
adding the computed zero-field values of the excess specific heat to the lattice contributions 
taken from experimental data [86]. 
  A MIM construct having a (001) epitaxial STO film sandwiched between uniform 
metallic electrodes is considered first. For this configuration, Ei = [0,0,E3] and it is assumed 
that the bottom electrode is grown pseudomorphically onto the substrate so that both the sign 
and magnitude of um are entirely controlled by the mismatch between the film and the 
substrate. As can be appreciated from Figure 19, compressive misfit strains favor the 
ferroelectric phases FTI and FTII while tensile misfit strains favor the ferroelectric phase 
FOI. Because both the HT and ST phases are non-polar, and because the component of 
polarization P3 = 0 is parallel to the field direction E3, the region of interest is restricted to 
compressive misfit strains um < -0.01. This is illustrated in Figure 20(a), which shows a two-
dimensional pseudo-color plot of the adiabatic temperature change ΔT as a function of um 
and T for a particular choice of bias field Ea = 50 kV/cm and field change ΔE = 120 kV/cm.  
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Figure 20. (a) The adiabatic temperature change ∆T of an epitaxial (001) SrTiO3 film in 
a MIM configuration as a function of um and T for Ea=50 kV/cm and ∆E=120kV/cm; (b) 
the out-of plane polarization P3 as a function of temperature at um= -0.02 for Ea=0 
kV/cm and Ea=50 kV/cm. 
 
 
  As expected for conventional ferroelectric materials such as BaTiO3 and PbTiO3 [21], 
the largest electrocaloric response occurs near the paraelectric to ferroelectric (HT–FTII) 
phase transition (T = 350 K) where the P3(T) curve experiences an inflection point and the 
derivative ∂P3/∂T passes through a steep minimum. However, at the comparatively low field 
level of 120 kV/cm, the maximum adiabatic temperature change is modest, ΔT < 1 K. The 
reason for this can be understood from Figure 20(b) where it is seen that the polarization 
induced along [001] by a field E3 = 120 kV/cm is quite small. It is further apparent that the 
electrocaloric response is not significantly enhanced near the FTI-FTII phase boundary, 
because at this transition P3(T) shows only a small change in slope that is accompanied by 
comparatively small but discontinuous change in ∂P3/∂T. It is evident from Figure 20 that to 
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obtain a larger ΔT, the field strength and/or bias field must be increased. Figure 21 shows 
how ∆T varies as a function of field change ∆E at RT. It is seen in this figure that for field 
changes ΔE = 1200 kV/cm, a large ΔT of ~5 K can be achieved in STO films at RT. As a 
point of reference, at these field levels, the electrocaloric response for [001] STO in a MIM 
configuration is closely comparable to that observed in high-quality relaxor PMN-PT films 
[87] near the temperature of the Curie maximum (~350 K). From this it can be concluded 
that, as shown for BaTiO3 [21], a relatively small bias field (~50 kV/cm) is sufficient to 
destroy the discontinuity in polarization at the HT–FTII transition. 
  Finally, we show that by using an IDE configuration, it is possible to apply in-plane 
electric fields [88] and by so doing access the HT-FOI phase transformation that occurs 
under tensile misfit strains. Two IDE configurations are considered, one for which Ei = 
[E1,0,0] (or [0,E2,0]) oriented along [100] (or [010]) and a second for which Ei = [E1/ 2 ,E1/
2 ,0] oriented along [110]. Pseudo-color plots of the adiabatic temperature change as 
functions of misfit strain and temperature are shown in Figure 22 and Figure 23 under the 
same conditions as the MIM configuration shown in Figure 20 (bias field Ea = 50 kV/cm and 
field change ΔE = 120 kV/cm).  
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Figure 21. The room-temperature adiabatic temperature change ∆T of epitaxial (001) 
SrTiO3 films with MIM (um= -0.020, open squares) and [100]/[010] and [110] IDE 
configurations (um=0.015, open circles and triangles, respectively) as a function of ∆E 
for Ea= 50 kV/cm. 
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Figure 22. The adiabatic temperature change ∆T of an epitaxial (001) SrTiO3 film in a 
[100] IDE configuration as a function of um and T for Ea=50 kV/cm and ∆E=120 kV/cm. 
 
  As seen in Figure 22, the largest electrocaloric response (ΔT = 0.9 K) for the 
configuration with Ei = [E1,0,0] occurs near the HT-FOI phase transformation, due to the 
strong coupling between the in-plane electrical field and the in-plane spontaneous 
polarization P1 or (P2) of the FOI phase. For an IDE configuration with Ei = [E1/ 2 ,E1/ 2
,0], the largest ele response (ΔT = 1.2 K) is about 30% higher than for the configuration with 
Ei = [E1,0,0]. This can be explained by the fact that for the FOI phase with [100] or [010] 
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IDEs, the electric field only induces polarization along one of the components (P1 or P2), 
while for [110] IDEs, the applied field induces polarization in both components P1 and P2 
with a magnitude of 22
2
1 PPP += . Comparing the results presented in Figure 20, Figure 
22, and Figure 23 it is seen that, under equivalent electrical boundary conditions, both MIM 
and IDE configurations have comparable electrocaloric responses (ΔT ~ 1 K) at RT if the 
misfit strain is adjusted such this temperature lies near either the HT-FTI or the HT-FOI 
phase transformation. The electrocaloric response as a function ΔE for the two IDE 
geometries is compared with that of the MIM configuration in Figure 21. As seen in the 
figure, all three configurations can produce a large ΔT (~ 5 K) at fields greater than 1000 
kV/cm. As expected, the response is slightly larger for the [110] configuration compared 
with the [100] IDE or MIM. 
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Figure 23. The adiabatic temperature change ∆T of an epitaxial (001) SrTiO3 film in a 
[110] IDE configuration as a function of um and T for Ea=50 kV/cm and ∆E=120 kV/cm. 
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CHAPTER 8  
SUMMARY AND CONCULSIONS 
 From the analysis presented above, several conclusions can be drawn that are relevant 
in investigations of the electrocaloric properties of ferroelectric materials. 
8.1 Influence of Composition and Phase Transition Order 
  For ferroelectrics such as BTO and PTO displaying weak first-order transitions close 
to second-order, the use of a bias field is most likely essential in obtaining reproducible 
results under experimental conditions. For a given set of mechanical boundary constraints, 
the magnitude of this bias field would be comparable to that at the electrical critical point. 
The application of a bias field of greater magnitude reduces the sensitivity of the 
electrocaloric effect to temperature, but of course, also reduces the magnitude of the effect 
itself. Materials with stronger first-order phase transitions will naturally require a higher bias 
field. Under conditions of perfect mechanical clamping, the weak first-order phase change as 
displayed by BTO and PTO will become of second-order, and in this instance the electrical 
critical point is coincident with the Curie temperature. As a consequence, a lower bias field 
will be required to produce a comparable set of measurement conditions. Alternatively, in 
solid solution ferroelectric systems, both the Curie temperature and the first-order character 
of the ferroelectric phase transition also change continuously with composition. The 
cooperative effect on the phase transition of mechanical boundary constraints, electric drive 
conditions and composition, is an important consideration in interpreting experimental 
observations of electrothermal phenomena in ferroelectric thin film materials selected to have 
Curie points located in a desired temperature range.  
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8.2 Influence of Thermal Stresses 
  We used a non-linear thermodynamic model to investigate the role of thermal stresses 
on the RT pyroelectric properties of (001)-textured polycrystalline BST films with four 
different compositions (BST 60/40, 70/30, 80/20 and 90/10) on three IC-friendly substrates: 
Si, (0001) sapphire, and ( 2011 ) sapphire. The main findings of this study are summarized 
below: 
• Due to the CTE difference between the BST film compositions and the substrate 
materials analyzed in this study, the in-plane tensile thermal strain in BST increases with 
increasing deposition/processing temperature TG. This leads to a depression of the 
paraelectric-ferroelectric phase transformation. As such, relatively lower 
deposition/processing temperature would result in better pyroelectric response.  
• For BST 60/40 and 70/30 on all the substrates, the film is in the PE state for TG=25-
800oC and the pyroelectric response is due to interplay of the electric field and thermal strain 
dependence of the dielectric constant and the TG-dependence of the thermal strains. While the 
RT pyroelectric response of these films is expected to be relatively low (0.02-0.05 µC/cm2K 
at ~200 kV/cm), at high applied fields the pyroelectric response does not display a significant 
dependence on the temperature at which the material was treated. 
• BST 80/20 and BST 90/10 films may be in the ferroelectric state at RT depending on 
TG. If TG can be adjusted such that it coincides with the FE-PE transition temperature, a 
relatively high bulk-like pyroelectric response (0.5-1.0 µC/cm2K) can be realized. Depending 
on the BST composition and the substrate material analyzed in this study, TG varies between 
95oC (BST 80/20 on Si) and 294oC (BST 90/10 on a-sapphire). However, the pyroelectric 
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response decreases sharply above and below these “critical” TG which requires a precise 
temperature control during processing.   
  Furthermore, we have shown that the thermal stresses that develop during processing 
can have a significant influence on the electrocaloric properties of thin film ferroelectric 
materials. The main effect of the thermal stresses is to shift the zero-field Curie temperature. 
If the stresses are tensile, the temperature at which the adiabatic temperature change is 
maximized shifts to lower temperature. For a particular choice of the ferroelectric material, 
the type of substrate, substrate orientation, and growth/annealing temperature can be adjusted 
to attain an adiabatic temperature change comparable to that of the intrinsic bulk response at 
temperatures far from the zero-field TC of the stress-free bulk material. 
8.3 Incipient Ferroelectric Materials 
   We have computed the electrocaloric response of STO films as a function of the 
misfit strain, temperature, applied electric field strength, and electrode configuration. It was 
shown that for STO films on compressive substrates the electrocaloric response can be 
enhanced in a MIM configuration with uniform electrodes by exploiting the HT-FTI 
transition. At fields of ~ 1000 kV/cm the computed temperature change ΔT = 5 K is 
comparable to ferroelectric films near the Curie point. Alternatively, for STO films on tensile 
substrates the electrocaloric response can be enhanced by using an IDE configuration that 
exploits the HT-FOI transition, with the maximum response occurring for a [110] IDE 
orientation. Compared with MIM configurations, STO films utilizing an IDE configuration 
may offer possibilities to increase the electrocaloric response while minimizing the dead 
volume of electrodes. These results show that the strain-induced electrocaloric properties of 
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incipient ferroelectrics are closely comparable to the measured electrocaloric response of 
conventional or relaxor ferroelectrics. 
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